New beryllium observations in low-metallicity stars by Molaro, P. et al.
ar
X
iv
:a
str
o-
ph
/9
60
80
11
v1
  3
 A
ug
 1
99
6
A&A manuscript no.
(will be inserted by hand later)
Your thesaurus codes are:
08.01.1, 08.16.3, 10.05.1, 12.03.3, 09.03.2
ASTRONOMY
AND
ASTROPHYSICS
11.10.2018
,
New beryllium observations in low–metallicity stars ⋆
P. Molaro@1, P. Bonifacio@1, F. Castelli@2@,@1, L. Pasquini@3
@1Osservatorio Astronomico di Trieste Via G.B. Tiepolo 11, 34131 Trieste, Italy @2 Consiglio Nazionale delle Ricerche,
– G.N.A. Via G.B. Tiepolo 11, 34131 Trieste, Italy @3 European Southern Observatory, Casilla 19001, Santiago 19,
Chile
[the date of receipt and acceptance should be inserted later]
Abstract. We present observations of the Be II 313.0 nm
resonance doublet in 14 halo and old disk stars with metal-
licities ranging from [Fe/H]=-0.4 to ≈-3.0 obtained with
the CASPEC spectrograph of the ESO 3.6m telescope at
a FWHM≈ 8.6 kms−1 resolution. Abundances are de-
rived by means of the synthetic spectra technique employ-
ing Kurucz (1993) atmospheric models, with enhanced α-
elements and no overshooting. The derived abundances
together with those available in literature show that for -
2.7 < [Fe/H] < -0.8 Be correlates linearly with iron [Be]∝
1.07(±0.08)[Fe/H], giving strength to previous results.
However, a steeper correlation is still possible at metallic-
ities lower than [Fe/H]<-1.4 with [Be]∝ 1.6(±0.44)[Fe/H].
When iron is replaced with oxygen, Be is found tracking
closely oxygen up to solar values, without signs of breaking
in correspondence of the onset of the Galactic disk.
No evidence of intrinsic dispersion is found, ought to
the large errors involved in the Be abundance determi-
nations, but for three stars (HD 106516, HD 3795, HD
211998) a significant upper limit in the Be abundance can
be placed at≈ 1 dex below the mean trend of the Be-Fe re-
lation. For such stars non conventional mixing is required
to explain Be depletion.
Be observations can be used to discriminate strongly
Li-depleted stars. These are the stars which show less Li
than that expected by high energy cosmic rays production
as deduced from Be observations. The available Be obser-
vations imply that some of the stars which contribute to
the scatter in the Li-Fe diagramme are Li-depleted stars.
This result strongly supports the use of the upper envelope
of the Li-Fe diagramme to trace the Li galactic evolution,
and argues for a low value for the primordial Li against
models which predict substantial Li depletion in halo and
old disk stars.
Send offprint requests to: P. Molaro, Osservatorio Astro-
nomico di Trieste, Via G.B. Tiepolo 11, 34131 Trieste,
Italy
⋆ Based on observations collected at the European
Southern Observatory, La Silla, Chile
Key words: Stars: abundances, Stars: Population II,
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rays
1. Introduction
The importance of beryllium stems largely from its unique
origin. Be is probably a pure product of the galactic cos-
mic ray (GCR) nucleosynthesis, generated as the other
light elements 6,7Li and 10,11B through the bombardment
of 12C and 16O in the interstellar medium by energetic cos-
mic rays (Reeves, Fowler and Hoyle 1970; Meneguzzi et al
1971, Walker et al 1985). The process of ν-induced nucle-
osynthesis may produce significant amounts for 7Li, 10,11B
but only small amounts of 9Be (Woosley and Weaver
1995). Standard Big Bang nucleosynthesis predicts neg-
ligible quantities of Be out of the primordial nucleosyn-
thesis, namely Be/H≈10−17 (Thomas et al 1994), but it
has been suggested that baryon inhomogeneous Big Bang
nucleosynthesis might produce enhanced quantities of Be
up to four orders of magnitude relatively to the homoge-
neous case (Boyd and Kajino 1989; Malaney and Fowler
1989; Kajino and Boyd 1990). However, such inhomo-
geneities from the quark-hadron phase transition do not
appear very probable (Kurki-Suonio et al 1990; Terasawa
and Sato 1990; Mathews et al 1990; Jedamzik, Fuller and
Mathews 1994; Thomas et al 1994). A primordial pro-
duction of Be would appear as a plateau of the Be abun-
dance in stars of low metallicities with analogy to what is
observed for Li, and in a Be/B ratio significantly higher
than that predicted by the spallation processes. However,
the presence of such a plateau at low metallicities is not
an unambiguous primordial signature, since it can be also
produced by accretion onto the stellar surface while the
star is passing through thick interstellar clouds, as shown
by Yoshii, Matwhews and Kajino (1995).
Beryllium was observed in the sun by Chmielewski et
al. (1975) at a level of [Be]=1.15 (i.e Be/H=1.4· 10−11);
here and after we will follow the notation [Be]=log (Be/H)
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+ 12. In a sample of young hot stars Boesgaard (1976)
measured almost the same abundance of Be, namely <
[Be] > = 1.1± 0.1. The meteoritic value from carbona-
ceous chondrites is presumably the initial solar value and
is [Be]=1.42±0.04, which is about a factor of two higher
than the presently observed solar value and also a factor
of two higher than the mean of the stellar values (Grevesse
and Noels 1993). Observations of Be in halo dwarfs began
in the eighties with Molaro and Beckman (1984), Molaro,
Beckman and Castelli (1984), Molaro (1987), showing that
Be abundance in the past was lower than the solar one,
which was not obvious at that time. Only recently has the
technology become adequate for providing the required
sensitivity and resolution at 313.0 nm and therefore accu-
rate observations of the BeII lines became possible. The Be
abundances in halo stars by Rebolo et al (1988), Ryan et
al (1991), Ryan et al (1992), Gilmore et al (1991), Gilmore
et al (1992), Boesgaard and King (1993) revealed a clear
linear correlation with iron, while a steeper relation was
expected. To account for this behaviour it has been sug-
gested that spallation processes occur preferentially close
to supernovae (Feltzing and Gustafsson 1994; Olive et al
1994; Tayler 1995). A preliminary analysis of the present
data was already given in Molaro et al (1995a) and Primas
(1995).
In this paper we present new observations and Be
abundances for 14 halo and old disk stars. These new data,
together with the data available from the literature, are
used to investigate the evolution of Be.
2. Observations and data reduction
We used the CASPEC spectrograph at the ESO 3.6 m tele-
scope to obtain ultraviolet spectra of our program stars. A
log of observations and the available photometric data for
the stars are given in Table 1. CASPEC is not normally
used at these short wavelengths and a special instrument
configuration had to be devised. To enhance resolution
we used the long camera coupled with the blue cross-
disperser. During observations alignment of the slit with
the parallactic angle was maintained by rotating the adap-
tor to avoid slit losses due to the atmospheric dispersion.
In order to minimize the red leak a UV filter was used in
the optical path. A serious problem for this configuration
is the acquisition of suitable calibration frames; in fact
the light from the calibration lamps is fed into the spec-
trograph through a prism which is opaque in the UV, and
hence no flat–field or Th–Ar can be obtained in the con-
ventional way. The Th-Ar spectrum taken in this way is
usable only longward of about 330.0 nm, and therefore we
used an external Th-Ar lamp. This is mounted in the focal
plane of the telescope and illuminates the spectrograph slit
directly. Spectra of this “external” lamp had to be taken
at the beginning and at end of each night, since the op-
eration of mounting and dismounting the lamp, though
simple, is time-consuming. The resolving power as mea-
sured from the emission lines of the Th-Ar lamp around
the Be line region is of ≈ 35000.
A similar approach could be used for flat fields, but, at
present, a suitable UV flood-lamp is not available at ESO.
The analysis of the first images acquired for this program
convinced us that we could perform a meaningful reduc-
tion without flat–fielding. There is no fringing and the
abundance analysis is done on normalized spectra, thus
making the removal of the blaze effect not strictly neces-
sary.
The spectra were reduced using the Echelle package
in MIDAS. The major source of uncertainty in the cali-
bration procedure is the background subtraction; in fact
in the spectral region under study the orders are closely
spaced and the inter–order region contains light coming
from the tails of the adjacent orders. The background was
taken to be the lower envelope of the signal in the inter–
order region. We estimate the uncertainty of the back-
ground evaluation to be of the order of 10–15% of the
background, from the RMS of in the inter–order, for most
of our spectra, it can be higher for the low S/N spectra
(e.g. HD 128279). This uncertainty introduces an error of
the order of 10% in the level of the continuum. For in-
stance in HD 3795 the average background per pixel is of
33 ADU, while the continuum is at 61 ADU, the RMS
of the background is of 2.4 ADU, which is 8.6% of the
continuum level. The effect of this error on the equivalent
widthof Be II lines is discussed in Sect. 5.1.
3. Model atmospheres
For the present investigation we used version 9 of the
ATLAS code to compute the atmospheric models appro-
priate for metal–poor stars. This version of the ATLAS
code (Kurucz 1993) differs from previous ATLAS ver-
sions mostly for the opacity and for the way in which
the mixing-length convection is handled. In the ATLAS9
models the opacity distribution functions (ODFs), which
account for the line opacity, were computed with a much
larger number of atomic lines than in the previous versions
and, for cool stars, molecular lines were also added. Con-
tinous opacities were implemented by taking into account
also the contribution of the OH and CH molecules. Con-
vection is still based on the mixing-length approach, but
two modifications have been made in ATLAS9; the first
one allows for a horizontally averaged opacity and the sec-
ond one allows for an approximate overshooting (Castelli
1996).
As far as convection is concerned, Castelli, Gratton
and Kurucz (1996) have shown that the first modifica-
tion of the mixing-length has negligible effects on the re-
sults, while the second one alters the whole structure of
the models, mostly when Teff is between 5500 K and
8000 K. Figure 1 compares the T–log τRoss relations for
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Table 1. Log of Observations and photometric data. Johnson photometry has been taken from SIMBAD, Stro¨mgren
photometry from Hauck & Mermilliod (1990) and from Schuster & Nissen (1988) (in the second row, when available)
HD V (B−V) (b− y) m1 c1 β E(b− y) date exp (sec)
3795 6.14 0.70 0.450 0.213 0.304 2.565 0.017 27-9-93 3000
6434 7.72 0.61 0.385 0.160 0.273 2.581 0.000 31-7-93 6300
0.386 0.160 0.272 2.573 0.000
16784 8.02 0.56 0.378 0.142 0.293 2.569 0.000 28-8-93 3600
0.377 0.141 0.291 2.581 0.000
25704 8.10 0.55 0.369 0.120 0.272 2.584 0.000 28-8-93 6600
0.371 0.118 0.275 2.570 0.000
76932 5.86 0.52 0.359 0.120 0.293 2.578 0.000 13-3-92 7200
0.354 0.117 0.297 2.574 0.000
106516 6.11 0.45 0.318 0.115 0.332 2.613 0.000 14-3-92 7200
0.318 0.110 0.335 2.606 0.000
128279 7.97 0.64 0.470 0.058 0.264 2.545 0.000 30-7-93 7200
140283 7.24 0.49 0.378 0.040 0.302 2.584 0.043 14-3-92 14400
0.380 0.033 0.284 2.564 0.020
160617 8.73 0.46 0.344 0.053 0.353 2.607 0.041 15-3-92 7200
0.347 0.051 0.331 2.584 0.015
166913 8.23 0.45 0.327 0.078 0.314 2.610 0.010 29-7-93 7200
200654 9.11 0.64 0.460 0.029 0.274 2.534 0.000 28-8-93 6600
0.460 0.027 0.271 2.534 0.000
211998 5.29 0.68 0.447 0.116 0.240 2.543 0.000 28-8-93 3600
0.450 0.109 0.249 2.546 0.000
218502 8.50 29-7-93 7200
219617 8.16 0.47 0.343 0.078 0.231 2.586 0.000 29-7-93 7200
0.349 0.072 0.243 2.584 0.000
Teff = 5750 K, log g=3.5, and [M/H]=-1.0, with and
without overshooting. The zone of formation of the Be II
lines is around log(τRoss = −0.12 where the temperature
is higher for models with overshooting. While the different
convection affects the whole structure, the different chemi-
cal composition due to the enhancement of the α-elements,
mostly affects the structure of the deepest layers, as can
be seen from the figure. The discrepancy between mod-
els with and without overshooting changes with log g,
Teff and metallicity. The Kurucz solar model computed
with overshooting fits the observations very well, but for
other stars no overshooting models generally yield more
consistent Teff values when different methods are used
to derive them, such as methods based on colors, Balmer
profiles, and the infrared flux. A test on Procyon has also
shown that, for this star, no overshooting models give pa-
rameters which are more consistent with the fundamental
values, derived from model independent methods.
On the basis of these results and also because the ad
hoc inclusion of the overshoot in the ATLAS9 code is not
really the physical overshoot (Freytag 1996), we decided
to use for this investigation ATLAS9 models with the
overshooting option switched off. We kept the same value
l/Hp=1.25 adopted by Kurucz for the mixing-length to
pressure height scale ratio, because we found that it well
reproduces the solar irradiance also when overshooting is
dropped. The choice of the mixing length in the range from
0.5 to 2.0 for the pressure scale height makes negligible
differences (less than 0.01 dex) over the whole grid, and
the adopted microturbulent velocity does not affect the
derived Be abundance for the range of equivalent width
under consideration.
We used the α–enhanced opacity distribution functions
(ODFs) provided by Kurucz (1993a), which are obtained
by assuming that all α elements are enhanced by 0.4
dex over iron. This is certainly a more realistic chemi-
cal composition for Pop II stars than the usual approach
which uses the ODFs with solar-scaled abundances. Fur-
thermore, for these ODFs the solar iron abundances is
log (NFe/Ntot)=-4.53 (Hannaford et al 1992), instead of
log (NFe/Ntot)=-4.37 (Anders and Grevesse 1989), which
was used for all the ODF’s for solar and solar-scaled abun-
dances.
We selected the ODFs computed with a microturbu-
lent velocity of 1 kms−1to allow for very low microtur-
bulent velocities, as can be found in some Pop II stars,
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instead of the 2 kms−1of the Kurucz (1993a) grid. The
grid covers the range from 4750 K to 6250 K in Teff at
steps of 250 K, from 2.50 to 4.75 in log g at steps of
0.25 and from -0.5 to -3.00 in [Fe/H] at steps of 0.5. For
all the models of this grid we also computed the emergent
flux and the Johnson UBV and the Stro¨mgren uvby colour
indices. Colour indices were then used to derive effective
temperature and surface gravity for all the stars of our
sample, except HD 218502 for which no observed photo-
metric Johnson or Stro¨mgren indices have been found in
the literature. Model parameters for the stars of our sam-
ple will be discussed in the next section.
Fig. 1. Temperature structure for models with Teff =5750,
log g = 3.50 and metallicity [Fe/H]=-1.0: α enhanced with
(x) and without (squares) overshooting; no α enhancement
with(+) and without (triangles) overshooting
In order to appreciate the differences with the Kurucz
(1993a) grid we computed models for Teff = 5250, 5750,
6250 K, log g= 3.0, 3.5, 4.0 and metallicity [Fe/H]= -1.0,
-1.5, -2.5 with the α enhanced ODFs and the overshooting
option, and other models with the same parameters, but
using the ODFs without α enhancement and overshooting.
For all these models, as well as for those from our grid
and from the Kurucz(1993a) grid, we computed the curves
of growth for the Be II 313.1065 nm line. Figure 2 shows
the different curves of growth for Be II 313.1065 nm cor-
responding to the same model parameters Teff = 5750 K,
log g=3.5, and [M/H]=-1.0 and to the different T-log τRoss
relations displayed in figure 1.
In the very low metallicity domain, i.e. [Fe/H] < -2.0,
the effect of α element enhancement is very small, of the
order of 0.01 dex at most, with the α enhanced models
yielding higher abundances. On the other hand, the effect
of overshooting is not negligible and the models with over-
shooting yield abundances which are higher by as much
as 0.08 dex. This difference is almost constant at all tem-
peratures.
Fig. 2. Curves of growth for the BeII 313.1065 nm line for mod-
els with Teff =5750, log g = 3.50 and metallicity [Fe/H]=-1.0:
α enhanced with (x) and without (squares) overshooting; no α
enhancement with(+) and without (triangles) overshooting
In the low metallicity domain (i.e. [Fe/H] between -2.0
and -1.0 ) the effect of overshooting is of the same order of
magnitude as in the very low metallicity regime, but the
effect of α enhancement begins to be notable in particu-
lar for the cool models. Models with enhanced α-elements
yield higher abundances of the order of 0.08 dex at Teff =
5250 K , but of only 0.03 dex at Teff = 6000 K and less than
0.01 dex at Teff =6250 K. No overshooting in the models
implies lower abundances, while α enhancement implies
higher abundances so that there is some compensation
between the two effects. The result of these opposite be-
haviours is that while our models yield abundances larger
than those of the Kurucz 1993a grid at low-temperatures,
the reverse is true at the high temperature end.
For solar metallicities there is little or no difference in
the Be abundances with respect to the implementation of
overshooting in the models. This is because metal-poor
models have convective zones which start at much shal-
lower depths (D’Antona and Mazzitelli 1984).
Our models yield abundances which are identical
within few hundredths of a dex to those obtained using
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Kurucz 1979 models and are therefore directly comparable
with the Be literature values which are obtained mostly
using those models. This also implies that the much larger
number of lines included in the computations of the ODFs
implemented in version 9 of the ATLAS code has relatively
small effects on the temperature structure of the models.
We stress that our choice of switching off overshooting
makes the present analysis consistent with the older grids
of models which make use of either Gustafsson-Bell or old
(i.e. computed with version 8 or earlier ones of the ATLAS
code) Kurucz models.
In conclusion, the differences in Be abundances found
at low metallicities when using the Kurucz 1993a mod-
els, with respect to the Kurucz 1979 ones, are due to
the presence of overshooting. The low effect on the metal-
poor stars of the increased blanketing in the new models
is explained by the small importance of the new lines in
the metal poor stars. In fact, the large number of atomic
lines added for computing the new ODFs arise from high-
excited states and are therefore weak lines in solar metal-
licity stars. The effect of the molecular lines has still to
be investigated. The abundances derived from lines whose
depth of formation is close to the top of the convection
zone, as for Be II and also for LiI, are quite sensitive to the
assumptions made on overshooting (Molaro et al 1995b,c).
This extensive theoretical grid allowed us to perform
an efficient comparison between observed and computed
quantities (spectra and colours) and also to experiment
the effects of small changes in the atmospheric parame-
ters on the derived abundances. In addition to the mod-
els of the grid, more models were computed with atmo-
spheric parameters appropriate for our program stars (see
next section), including a small number of models with
[Fe/H] = -0.5 for which we used ODFs with solar–scaled
abundances rather than with α enhanced, the other as-
sumptions being the same as the more metal-weak models.
Non-LTE effects have been shown to be negligible in
the sun by Chmielewski et al (1975). For metal-poor stars
absolute NLTE corrections to the Be abundances have
been shown to be lower than 0.1 dex by Garcia Lopez
et al (1995) and Kiselman & Carlsson (1995).
4. Atmospheric parameters
The appropriate model–atmosphere for the sample
stars is specified by Teff , log g and metallicity.
Ten stars out of our 14 star sample have been stud-
ied by Fuhrmann et al (1994) who determined Teff from
the Balmer profiles of a large sample of G–dwarfs. Surface
gravities and spectroscopic metallicities from Axer et al
(1994) are given in column 7 and 10 of Table 2. The Axer
et al gravities and metallicities are spectroscopically de-
rived assuming the Fuhrmann et al (1994) temperature,
thus forming a set of homogeneously derived stellar pa-
rameters.
A photometric estimate of the effective temperature
may be derived from the (B − V) index, which is almost
independent of gravity between 5750 K and 6250 K. For
each star we interpolated our UBV grids for an assumed
metallicity and gravity to obtain the Teff corresponding to
the observed (B − V). For the reddened stars, we dered-
dened the observed (B − V) indices by using the relation
E(B−V) = E(b− y)/0.74 from Crawford & Mandwewala
(1976), and the E(b− y) value derived below. These pho-
tometric temperatures may be found in column 2 of Table
2.
For a sample of seven subdwarfs, Castelli, Gratton and
Kurucz (1996) showed that Teff derived from Hα profiles
computed with models similar to those used in this pa-
per (namely ATLAS9 models with the overshooting option
switched off) may differ from 10 K to 200 K from those
derived by Axer et al. (1994). The differences between the
photometric determinations of Teff based on our mod-
els and the effective temperatures adopted for comput-
ing the Be abundances are of the same order, except for
HD 160617, HD 200654, HD 166913, and HD 106516 for
which the differences are 480 K, 314 K, 258 K, and 216
K respectively. For HD 160617 and HD 166913 Magain
(1989) derived Teff equal to 5910 K and 6030 K respec-
tively. The above differences would reduce to 234 K and
183 K respectively.
We derived also a photometric surface gravity for the
stars with available Stro¨mgren photometry. The synthetic
Stro¨mgren indices have been computed from our grid of
fluxes with α enhancement and no overshooting, as de-
scribed in the previous section. The use of Kurucz (1993)
synthetic colours yields log g being generally 0.1 to 0.2
dex lower than our estimates.
The observed c1 indices were taken from the electronic
version of the Hauck & Mermilliod (1990) catalogue sup-
ported at CDS and corrected for reddening using the in-
trinsic colour calibration of Schuster & Nissen (1989),
which is most appropriate for late-F and G-type metal-
poor stars. For each star we iterated their equation (1)
until the change in (b−y)0 was less than 0.0001 mag. The
derived reddening is always very small, as expected since
our stars are nearby, yet non–zero in a few cases. For those
stars for which E(b− y) has small negative values we im-
posed E(b − y)= 0.000. Also for the stars with β< 2.55,
which lie outside the range of the calibration, we assumed
zero reddening.
The surface gravities were derived by comparing the
theoretical and observed c0 for an assumed effective tem-
perature and metallicity. For the reddened stars c0 was
dereddened by means of the relation E(c) = 0.2E(b − y)
(Crawford 1975).
Column 4 of Table 2 gives the surface gravities derived
from the photometric temperatures of column 2 and pho-
tometric metallicities of column 8. In columns 5 and 6 the
Fuhrmann et al temperature is assumed instead, but while
in column 5 the photometric metallicity of column 8 is as-
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Table 2. Atmospheric parameters for the program stars
HD Teff
1 Teff
2 log g 3 log g4 log g5 log g6 [Fe/H]7 [Fe/H]8 [Fe/H]9
3795 5464 5420a 4.05 4.00 3.63±0.24 -0.25 -0.73a
6434 5623 5671±79 4.21 4.25 4.25±0.22 4.08±0.14 -0.54 -0.54b -0.68
16784 5747 5564±71 4.00 3.88 3.80±0.22 3.68±0.13 -0.67 -0.75c -0.63
25704 5829 5884b 4.19 4.00 4.23±0.20 -0.93 -0.85b
76932 5932 5965b 4.15 4.00 4.18±0.17 -0.78 -0.82b
106516 6211 5995±68 4.23 3.98 4.00±0.14 3.97 ±0.13 -0.75 -0.70d -0.86
128279 5200 5165± 77 2.95 2.95 2.88±0.14 2.98 ±0.13 -2.22 -2.50e -1.97
140283 5864 5814±44 3.66 3.58 3.48±0.10 3.27 ±0.09 -2.00 -2.75f -2.36
160617 6144 5664±84 3.82 3.13 3.08±0.16 3.29 ±0.23 -1.80 -2.05f -1.76
166913 6213 5955±109 4.16 3.85 3.73±0.18 4.45 ±0.19 -1.32 -1.80g -1.31
200654 5208 5522±119 2.78 3.15 3.13±0.17 3.56 ±0.21 -2.65 -3.13f -2.38
211998 5243 5338±65 3.57 3.65 3.55±0.26 3.26 ±0.12 -1.43 -1.54h -1.40
218502 6000i 3.80i -1.96l
219617 5960 5815±76 4.36 4.23 4.05 ±0.18 3.44 ±0.14 -1.32 -1.63h -1.08
1 from (B−V); 2 from Balmer lines, Fuhrmann et al (1993); 3 from c1 photometric temperatures (Teff
1) and photometric
metallicities ([Fe/H]4); 4 from c1 spectroscopic temperatures (Teff
1) and photometric metallicities ([Fe/H]7); 5 from
c1 spectroscopic temperatures (Teff
1) and spectroscopic metallicities ([Fe/H]8); 6 spectroscopic from Axer et al (1994)
with Teff of column 2 and metallicities of column 8; 7 photometric metallicities; 8 spectroscopic metallicities from
literature; 9 spectroscopic metallicities from Axer et al (1994) with the Teff of column 3. a Pasquini et al (1994), b
Edvardsson et al (1993), c Ryan & Norris (1991), d Spite et al (1994), e Peterson et al (1990), f Nissen et al (1994), g
Magain (1989), h Gratton (1989), i Luck & Bond (1985) l Pilachowski et al (1993)
sumed, in column 6 the “best” literature value of column
9 is taken. To be brief, errors on the photometrically de-
rived log g are given only in column 6, the others being
comparable.
We derived photometric metallicities for the stars
with available Stro¨mgren photometry (i.e. all except HD
218502) derived from Schuster & Nissen’s (1989) calibra-
tion. The values are given in column 8 of Table 2.
The result of a search for spectroscopic determinations
of the metallicity in literature is reported in column 9 of
Table 2. It is worth noting that when comparing the 3
different sources for metallicities only in a few cases is the
disagreement larger than 0.5 dex: namely HD 128279, HD
166913, HD 200654 and HD 219617.
A direct check of the gravity is possible for HD 140283
which has a measured parallax from where Nissen et
al (1994) estimate log g= 3.39±0.15; this value is consis-
tent with all four values reported in Table 2. On the other
hand, remarkable disagreements up to about 0.7 dex are
found between the spectroscopic and photometric gravi-
ties for HD 166913 and HD 219617. However, this is not
so uncommon, for instance, for HD 76932 the gravities
in the literature show a very large spread ranging from
the 3.5 of Bessel et al (1991) to 4.37 of Edvardsson et
al (1993). For HD 166913 there is a considerable uncer-
tainty in the atmospheric parameters. Laird (1985) gives
Teff = 6120 and log g = 4.43. Fuhrmann et al and Axer
et al give Teff = 5955 and log g= 4.45, whereas from the
photometry we deduce a log g=3.8. This uncertainty in
the atmospheric parameters represents a major source of
uncertainty in the Be abundances.
For our analysis we adopted the effective temperature
provided by Fuhrmann et al (1994) and the surface grav-
ity of Axer et al (1994) whenever available. For these stars
the metallicity of the adopted model was that of Axer et
al (1994), rounded to the nearest 0.5 dex. For HD 3795,
HD 25704 and HD 76932, which are not included in the
paper of Fhurmann et al (1993), we adopted the photo-
metric gravity derived by using the literature metallicity
reported in column 6 in Table 2. For these stars the effec-
tive temperature has been taken on the basis of a critical
analysis of the literature. These temperatures are close to
our photometric estimates. For HD 218502, which lacks
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Table 3. Berylium abundances
HD Teff Log g [Fe/H] [Be]
3795 5420 3.60 -0.73 < −0.48
6434 5671 4.08 -0.68 0.81± 0.22
16784 5564 3.68 -0.63 0.19± 0.21
25704 5884 4.20 -0.85 0.39± 0.24
76932 5965 4.15 -0.82 0.79± 0.21
106516 5995 3.97 -0.86 < −0.76
128279 5165 2.98 -1.97 −0.75± 0.30
140283 5814 3.27 -2.36 −0.91± 0.17
160617 5664 3.29 -1.76 −0.90± 0.27
166913 5955 4.45 -1.31 0.54± 0.15
3.73 0.23a±0.15
200654 5522 3.56 -2.38 −0.56± 0.22
211998 5338 3.26 -1.40 < −1.05
218502 3.80 -1.96 −0.56± 0.22
219617 5815 3.44 -1.08 −0.56± 0.20
4.05 −0.16b ± 0.20
a if log g = 3.73 ; b if log g = 4.05
the necessary photometry, we took gravity and Teff from
Luck & Bond (1985).
5. Be abundances
The beryllium abundances are derived from the Be II
2S −2 P0 resonance lines. While the Be II 313.1065 nm
line is unblended, the Be II 313.0420 nm line is blended
with OH 313.0281 nm, V II 313.0257 nm and CH 313.0370
nm, and hence the abundance of these elements affects the
appearance of the whole feature. We therefore determined
the Be abundance from the spectral synthesis of the 312.6
– 313.4 nm region. A work in progress is analysing the
whole 310–350 nm range available which shall, eventually,
lead to the determination of the abundances of C, N, O,
Ca, Ti, V, Cr, Zn.
Model atmospheres with the appropriate atmospheric
parameters were computed for each star as described in
Sect. 4. We used the equivalent width and the model–
atmosphere as input to version 9 of the WIDTH code
(Kurucz 1993a) to derive a first estimate of the Be abun-
dance. This abundance and the model–atmosphere were
then used as input to the SYNTHE code (Kurucz 1993b)
to synthesize the whole region from 312.6 nm to 313.4
nm. This synthetic spectrum and the observed spectrum,
which was shifted in wavelength so that the lines appeared
at their laboratory position, were superimposed on the
same plot. These plots were visually inspected and then
the abundances of several elements, including Be, were
changed in order to obtain the agreement between obser-
vations and computations. These abundances were used to
compute a new synthetic spectrum and the whole proce-
dure was iterated until the agreement was judged satisfac-
tory. We imposed also the requirement that the blended
Be II 313.0420 nm line should be reproduced with the
same abundance of the Be II 313.1065 line.
The results of this analysis are given in Table 3. For
the stars HD 166913 and HD 219617 for which the differ-
ence between the photometric and spectroscopic gravities
is particularly large we derived the abundance for both
gravity values.
5.1. Errors
The process of abundance determination is complex and
the estimate of the error is by no means straightforward.
Errors in log g, Teff and metallicity will affect the derived
abundances. Microturbulence is unimportant since for our
stars the Be II lines are essentially weak lines. Given the
measured equivalent width of the Be II 313.1065 line, we
interpolated our grid of curves of growth to estimate the
Be abundance for our adopted parameters and for log g=
log g±σ(log g).
The errors in photometrically derived surface gravities
are reported in Table 4. To compute the total σ(logg) we
have assumed an error of 0.008 mag on c1, the error in
Teff provided by Fuhrmann et al (1994) or ± 100 K
for the stars not included in that paper, an error of ±
0.3 dex in metallicity and an error in the reddening equal
to the reddening value, which is appropriate for slightly
reddened stars. For all parameters, in case of asymmet-
ric errors we assumed the largest one in absolute value.
Column 5 of Table 4 gives the uncertainty in log g due to
random errors in the photometry, column 6 that due to
the uncertainty in reddening, column 7 that due to the
uncertainty in Teff and column 8 that due to the uncer-
tainty in metallicity. Finally the square root of the sum
of the squares of these four uncertainties was taken as the
total uncertainty on log g and given in column 9.
For the errors in Teff and metallicity we proceeded in
the same fashion. For HD 218502, for which log g has been
taken from the literature, we arbitrarily assumed an error
in log g of ±0.25 dex. The results and the total error
on [Be] due to errors in the atmospheric parameters are
given in column 5 of Table 5. As expected, the largest error
comes from the uncertainty in log g. These errors ought to
be considered as 1σ errors.
In column 6 of Table 5 we give an estimate of the er-
ror associated with the noise in the data, based on several
synthetic spectra computed with different Be abundances.
This uncertainty is summed with the uncertainty associ-
ated with the atmospheric parameters and given in the
last column of Table 5. Both the uncertainty in the back-
ground subtraction and the uncertainty in the continuum
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Fig. 3. All the data is displayed, solid lines are the observed spectra, dotted lines are the synthetic spectra, the dashed line
above each spectrum represents the level of the continuum. The crosses on the spectra of HD 160617 and HD 211998 indicate
cosmic ray hits which have been removed for display purposes
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Fig. 3.
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Table 4. Errors on log g
HD Teff [Fe/H] log g ∆phot ∆r ∆T ∆m ∆logg
(1) (2) (3) (4) (5) (6) (7) (8) (9)
3795 5420. -0.73 3.63 .08 .02 .10 .20 .24
6434 5671. -0.54 4.25 .07 .00 .05 .20 .22
16784 5564. -0.75 3.80 .07 .00 .07 .20 .22
25704 5884. -0.85 4.23 .08 .00 .10 .15 .20
76932 5965. -0.82 4.18 .05 .00 .13 .13 .17
106516 5995. -0.72 4.00 .05 .00 .10 .12 .14
128279 5165. -2.50 2.88 .08 .07 .05 .08 .14
140283 5814. -2.75 3.48 .05 .02 .08 .05 .10
160617 5664. -2.05 3.08 .05 .03 .13 .07 .16
166913 5955. -1.80 3.73 .05 .03 .15 .08 .18
200654 5522. -3.13 3.13 .05 .03 .17 .05 .17
211998 5338. -1.63 3.55 .10 .02 .05 .23 .26
219617 5815. -1.70 4.05 .08 .00 .10 .13 .18
Table 5. Errors on Be abundances
HD δg δT δm δ[Be]sys δ[Be]stat δ[Be]
(1) (2) (3) (4) (5) (6) (7)
3795 .14 .03 .09 0.17 0.15 0.32
6434 .08 .03 .08 0.12 0.10 0.22
16784 .07 .03 .08 0.11 0.10 0.21
25704 .11 .04 .08 0.14 0.10 0.24
76932 .09 .00 .07 0.11 0.10 0.21
106516 .06 .01 .05 0.08 0.10 0.18
128279 .08 .02 .05 0.10 0.20 0.30
140283 .04 .02 .02 0.05 0.12 0.17
160617 .10 .01 .06 0.12 0.15 0.27
166913 .08 .01 .06 0.10 0.05 0.15
200654 .11 .02 .04 0.12 0.10 0.22
211998 .06 .00 .09 0.11 0.10 0.21
218502 .11 .03 .02 0.12 0.10 0.22
219617 .06 .02 .05 0.08 0.12 0.20
placement will affect the equivalent width of the lines. The
effect will be larger, in percentage, for stronger lines in
which wings are important. In our whole sample the Be II
lines may be considered weak lines. As discussed in Sect.
2, uncertainty in the background may lead to an error in
the continuum level of 10% for the average quality spec-
tra in our sample. Trials have shown that this will affect
the measured equivalent width by no more than 0.5 pm
. On top of this, there may be an error in the placement
of the continuum due to the lack of line–free regions. This
error may not be easily estimated for the more metal–rich
stars, while it can be done for the most metal–poor stars,
for which, with the aid of synthetic spectra, we may lo-
cate regions which are almost line – free. In these cases the
error on the placement of the continuum is of the order
of 2%. Garcia Lopez et al (1995) estimate these errors to
be of the order of 0.05–0.10 dex in Be abundances for an
uncertainty of 2% in continuum placement. Such error is
not included in our estimates.
HD 128279 shows an inconsistency between the two
Be II lines: the fainter line is apparently present, while
there is no evidence for the stronger line. Since this is the
coolest star of our sample (Teff = 5165 K), and Garcia
Lopez et al (1995) have shown that for stars cooler than
≈ 5200 K the observed feature at the position of the Be II
313.1 line is probably contaminated by Mn I λ 313.1037
nm, we checked if such a line could be also responsible
for the feature observed at 313.1 nm in our spectrum of
HD 128279. In order to explain the solar spectrum Garcia
Lopez et al increased by 1.5 dex the log gf value in
Kurucz’s line lists. However, even with this log gf we are
not capable of reproducing the observed feature.
6. The Boesgaard and King sample
Boesgaard & King (1993) published a considerably large
data set of Be abundances in halo and old disk stars. As it
appears from the discussion given in section 2 our abun-
dances may not be directly compared to those of Boes-
gaard & King (1993), who employed ATLAS 9 models
with overshooting. There is a further peculiarity in that
their published curves of growth yield abundances which
are some 0.03 dex larger than those obtained from the
Kurucz 1993a grid. We suspect that this is due to the fact
that BK used a preliminary version of the 1993 grid, which
was slightly different from the official 1993 release.
Since the models adopted by them are different from
the ones employed in the present study we have recom-
puted the Be abundances for all of their halo stars, where
the differences between the models are important, adopt-
ing their original equivalent widths and atmospheric pa-
rameters.
The new abundances worked out with models that ac-
count for the α-element enhancements and without the
overshooting are given in Table 6 and are typically ≈
0.1 dex lower than originally estimated by Boesgaard and
King (1993).
It is worth noting that in the case of HD 84937, for
which 6Li has been detected by Smith et al (1993), the
decrease in the Be abundance makes a larger 6Li/9Be ra-
tio. The new ratio becomes 56, which is much larger than
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Table 6. Be abundances for BK halo stars
HD Teff log g [Be] [Fe/H]
K [g]=gcms−2
19445 5810 4.37 -0.27 -2.13
64090 5380 4.30 0.05 -1.78
76932 5790 3.65 0.94 -0.98
84937 6250 4.00 -0.95 -2.34
94028 5820 4.18 0.33 -1.52
103095 5050 4.50 0.07 -1.23
134169 5710 4.01 0.70 -0.96
140283 5660 3.56 -0.89 -2.72
189558 5580 4.00 +1.03: -1.33
194598 5820 4.21 0.23 -1.28
195633 5800 3.90 0.18 -1.07
201989 5560 4.08 0.57 -1.14
201891 5780 4.42 0.64 -1.08
221377 6180 3.77 -1.03 -1.14
the GCR ratio 6Li/9Be(p+CNO)≈ 5 showing clearly the
effect of α-α fusion reactions in the production of 6Li.
As discussed in section 3 the models used here are con-
sistent with both old Kurucz models and Bell-Gustafsson
models so that there is no need for revision of the other
Be analysis.
7. Results
Our Be measurements together with all the Be observa-
tions from the literature reported in Table 7 are displayed
in Fig. 4. The data points are from Rebolo et al (1988),
Ryan et al (1991, 1992), Gilmore et al (1991, 1992), Boes-
gaard and King (1993), Garcia Lopez et al (1995). to
compute [Be/Fe] we used the meteoritic Be value from
Grevesse and Noels (1993). The use of the solar value of
Chmiliewsky et al (1975) will offset all the data points by
+0.3 dex. From Table 7 we may single out the extreme
case of HD 189558 for which the difference between the
Boesgaard and King (1993) and Rebolo et al (1988) de-
terminations is about 1 dex with almost the same stellar
parameters in both analyses. Also striking is the case of
HD 200654, since the upper limit of Gilmore et al (1992)
is in sharp contrast with the detection given here. The
appearance of their spectrum is different from the obser-
vations shown here (Gilmore private communication), and
it may be that our data were flagged by noise. Stellar pa-
rameters for HD 200654 are also rather uncertain in liter-
ature. Nissen et al (1994) derive Teff = 5090 K, log g=2.7
and [Fe/H] = -3.0, which are the parameters adopted by
Gilmore et al (1992) to compute the Be abundance. If
so the star is a subgiant with a Teff which allows Be
dilution. The Fuhrmann et al temperature is 5522 K, sig-
nificantly hotter, and the gravity from Axer et al (1994) is
3.56, so that the dilution is marginal according to standard
models. In Fig. 4 are also reported the Be abundances for
the stars HD 166983 and HD 219617 for which spectro-
scopic and photometric gravities differ considerably. For
most stars in our sample the choice of the different metal-
licities and gravities given in Table 2 move the points
along a constant [Be/Fe] which does not make a big dif-
ference, with the notable exceptions of HD 219617 and
HD 160617, which are shifted from the “Be– weak” zone
towards the “Be–normal” strip. For instance HD 219617
would have [Be/Fe]=0.12 instead of -0.9 if its metallicity
were [Fe/H]=-1.63 and log g=4.05 instead of -1.08 and
3.44 as provided by Axer et al (1994). HD 160617 would
have [Be/Fe]=-0.27 instead of -0.56 if we take [Fe/H]=-
2.05 and log g=3.08. The high value found by Gilmore et
al (1992) which would give [Be/Fe]=0.21 follows from a
particularly high value for the gravity, namely log g=3.8.
These two stars are potentially Be weak stars depend-
ing on the real stellar parameters. Considering the errors
involved in the Be abundance determination, the whole
dispersion of the points along the Be-Fe relation may be
due to observational errors, with the notable exception of
three stars which will be discussed later on.
Fig. 4. [Be/Fe] versus [Fe/H]. Open octagons are from Table
7 with the exception of the data from Boesgaard and King
(1993) from Table 6. Filled octagons are this paper
8. Discussion
Reeves, Fowler and Hoyle (1970) first suggested that spal-
lation reactions between cosmic rays, and the interstellar
medium are responsible for the production of the light
elements Li, Be and B together with their isotopes. A
straightforward integration over the galactic life of the
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present rate of elemental production, i.e. assuming con-
stant flux and shape of high energy cosmic rays, accounts
for both solar Be and B abundances and their ratios, with
the remarkable failures of Li abundance and of isotopic
boron ratio. While for lithium a number of other sources
including the primordial one are viable, for the B iso-
topes a carrot of low energy cosmic rays was postulated
by Meneguzzi et al (1971).
New recent observations of abundances for Be, 7Li,
6Li, and B in halo stars have allowed a better definition
of the evolution abundance curves for the light elements.
In the past Be was always lower than in the sun, showing
a progressive decrease with the decreasing of the stellar
metallicity. The measures by Rebolo et al (1988), Ryan et
al (1991) and Gilmore et al (1991, 1992) revealed a linear
increase of Be with the metallicity.
The precise correlation between Be and Fe contains
clues which reveal the process responsible for Be synthesis.
Spallation reactions may occur when p and α particles
collide with the CNO atoms at rest in the ISM, or when
the fast CNO nuclei of the cosmic rays collide with the
p and α. The second process produces fast light elements
which may escape from the Galaxy; this has been generally
assumed to produce a modest contribution to the synthesis
of the light elements.
If the former mechanism is the dominant one and the
cosmic rays are produced by supernovae, then the Be
abundance is expected to be proportional to the square
of the metallicity. To account for the linear behaviour of
Be versus Fe, Ryan et al (1990) and Gilmore et al (1991)
suggested that Be is synthesized in the immediate sur-
roundings of supernovae by spallation of fast nuclei of C
and O ejected by the supernovae against the protons of
the interstellar medium. This idea has been also further
elaborated by Feltzing and Gustafsson (1994) and Tayler
(1995).
8.1. Be-Fe correlation
The Be abundances derived in this paper versus [Fe/H]
together with all Be observations available in literature
are shown in Fig. 3. When stars evolve off the main se-
quence, the surface abundances of Be dilute considerably
because of the deepening of the surface convection zones
into Be-free layers. Standard models predict significant de-
pletion on the subgiant branch when Teff ≤ 5700-5500 K
(Deliyannis et al 1990, Chaboyer 1993). This has impor-
tant implications for the interpretation of Be observations
of some of the stars in our list, namely HD 3795, HD
128279, HD 140283, HD 160617, and possibly HD 200654.
No detectable Be is found in some of the subgiants, show-
ing that considerable Be depletion must have occurred in
these stars. To avoid contamination of the sample abun-
dance from evolution effects we have cleaned the sample
from evolved stars (logg ≤ 3.6) unless their Teff is > 5750
K. As a precaution we kept only the stars for which all pa-
rameters from different authors or derived by the different
means fulfill the requirements of gravity and metallicity.
The Be data show a considerable scatter for [Fe/H]> -0.8,
which is probably due to stellar depletion, thus for safety
we considered only stars with lower metallicity. Moreover,
we rejected HD 219617 for which we have a ∆[Fe/H]=0.6
dex, HD 189558 because of the large (1 dex) difference of
Be abundance between two different sources, HD 166913
for the large discrepancy in the gravity. We also did not
consider the upper limits for Be and took the weighted
average of the Be abundances for stars for which multiple
measures are available ( 4 stars: HD 64090 and HD 94028,
HD 76932, HD 134169).
After this cleaning we are left with a sample of 19
stars (see Fig. 5) in the interval −2.7 < [Fe/H ] < −0.8,
for which we performed a χ2 analysis taking into account
errors both in the Be abundances and in metallicity. The
latter are assumed to be ±0.1 dex for all the stars. The
analysis gives:
[Be]=1.81(± 0.114) +1.07(± 0.08)[Fe/H].
with a reduced χ2 is 0.72 corresponding to a goodness of
fit Q=0.78. The correlation between Be and Fe is thus
slightly steeper than the [Be] ∝0.8[O/H] originally found
by Gilmore et al (1992) from only six determinations, but
it is slightly more gentle than the [Be]∝1.256[Fe/H] de-
rived by Boesgaard and King (1993). In general the new
Be abundances and the repeated analysis of the halo stars
([Fe/H]<-1.0) by Boesgaard and King (1993) support a
tight linearity between Be and Fe.
If we confine the χ2 fit to the data points with [Fe/H]<-
1.4 we obtain:
[Be]=2.89(±0.96) + 1.57(±0.436)[Fe/H]
With a reduced χ2 of 0.39 and Q=0.87. If we confine to
[Fe/H]<-1.6, which practically means not considering one
more star, we obtain [Be]=4.40±3.91+2.28(±1.26)[Fe/H].
This might suggest that in the early galaxy a steeper
increase of Be with the metallicity is still possible. How-
ever, the small number of data points does not allow firm
conclusions. The large error we get in the slope makes it
marginally consistent with a slope of 1.
Be spallation involves mainly oxygen, because of its
larger spallation cross sections with protons, and several
authors discussed the behaviour of Be with respect to
oxygen (Gilmore et al 1991; Boesgaard and King 1993).
However, oxygen abundances are not always available for
the sample stars, and if available they often do not have
the desired accuracy. Therefore, instead of using the mea-
sured oxygen abundances for the data sample we inves-
tigate the Be versus O correlation by using the O-Fe
parametrization which has been deduced by general obser-
vations of halo and disk stars, namely we took [O/Fe]=0.5
for [Fe/H]<-1.0, and [O/Fe]= -0.5[Fe/H] for [Fe/H]>-1.0.
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The Be abundances versus oxygen are shown in Fig. 6. The
analysis for stars with [O/H]<-0.6, which corresponds to
[Fe/H]<=-0.8, gives:
[Be]=1.38(±0.13) + 1.13(±0.11)[O/Fe]
with a reduced χ2 is 0.59 and a goodness of Q=0.76.
A fit to the whole sample gives a linear relation with
a similar slope, slightly offset, but with an inferior good-
ness of fit ought to the dispersion in the Be data at disk
and solar metallicities. It is worth noticing that if oxy-
gen is increasing towards lower metallicities, as suggested
by some observations, then the correlation would result
steeper. Assuming [O/Fe] increases linearly towards lower
metallicities from [O/Fe]=0.5 at [Fe/H]=-1.0 up to +1.0
at [Fe/H]=-3.0, the fit now gives a correlation:
[Be]=1.13(±0.11) + 1.38(±0.13)[O/Fe]
with a reduced χ2 of 0.39 and a goodness of Q=0.94. open-
ing the possibility to a faster increase of Be at lower metal-
licities. In Fig. 6 the crosses and open squares show the
different behaviours with [O/Fe] constant and increasing
towards lower metallicities.
The fit obtained for the stars with [O/H]<-0.6 inter-
cepts the upper envelope of [Be] abundances and the me-
teoritic value. This is also true considering the Be versus
[Fe/H], where the extrapolation at [Fe/H]≈ 0, is about 0.2
dex above the meteoritic value. If the dispersion observed
at solar metallicities is due to stellar depletion, in oppo-
sition to an intrinsic pristine dispersion, then the upper
envelope of the [Be] abundances is more representative of
the evolution abundance curve of Be. And if this is the
case, from Fig. 6 it is clear that the Be abundance tracks
oxygen closely and [Be/O] remains always at about the
solar value at any metallicity. This is a remarkable output
if we consider that that Be production is related to quan-
tities such as the flux of cosmic rays and the amount of
astration which do not affect oxygen production.
Alternative nucleosynthesis for Be such as that caused
by the flood of neutrinos passing through the mantle and
helium core during explosions of massive stars might also
result in a linear output. Malaney (1992) suggested that
9Be might be produced by 7Li(t,n)9Be in the helium shell
of low-metallicity stars. However, no appreciable fraction
of the solar abundance of 9Be is made in such a way, and
the ejected abundance of 9Be in metal deficient stars, is
quite small if compared with other isotopes like 11B. The
process of ν-induced nucleosynthesis may produce inter-
esting amounts for 7Li, 10,11B, but only small amounts of
9Be (Woosley and Weaver 1995).
8.2. Primordial Be
The possibility of primordial production of Be in a
strongly inhomogeneous universe was explored by Malaney
Fig. 5. [Be] versus [Fe/H] for a selected sample of stars as
described in the text. Dashed line is for the fit of stars with
[Fe/H]<-0.9, dotted line for [Fe/H]<-1.4
Fig. 6. [Be] versus [O/H]. Crosses are for [O/Fe]=+0.5 in the
halo, while squares are for increasing oxygen towards lower
metallicities as described in the text. Continuous line is the fit
for crosses with [O/H]<-0.6 and dashed line for all the sample.
Dotted line is the fit of the squares for [O/H]< -0.6 and then
extrapolated towards solar values
and Fowler (1988), Boyd and Kajino (1989) and Thomas
et al (1993). Besides the fact that, on theoretical grounds,
large inhomogeneities are unlikely to occur, the presence
of a plateau of Be at low metallicities such as the Spite
plateau for Li would be a strong case for primordial Be
production, although not totally univocal as argued by
Yoshii, Mathews and Kajino (1995). In Fig. 5 in corre-
spondence of the most metal-poor objects, there is no evi-
dence for a plateau in the Be abundances analogous to that
observed for Li abundances, at least down to [Fe/H]=-2.5
and [Be]=-1.0. Boesgaard (1995) argued that a plateau at
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[Be] about -1.0 is plausible but far from conclusive for the
lowest metallicity stars HD 140283 and BD+3 740.
HD 140283 plays a special role in the existence of a
plateau at low metallicities. Our determination differ from
the previous ones mainly for the higher Teff and the inclu-
sion of α enhanced opacities in the atmospheric model. As
already discussed, a further difference with respect to the
Boesgaard and King (1993) analysis concerns overshoot-
ing. If the star is a relatively cool subgiant with Teff=5660
K, as taken by Boesgaard and King (1993) and Gilmore
et al (1992), standard stellar evolution models predict 9Be
depleted by ≈ 0.3 dex (Chaboyer 1994). Thus the val-
ues [Be]=-0.97±0.25 (Gilmore et al 1992) and -0.78±0.14,
(Boesgaard and King 1993) should be increased corre-
spondingly, producing a flattening of Be-Fe relation at
the lowest edge. On the other hand for the Teff used
here no post-main sequence depletion is expected and the
measured abundance [Be]=-0.86 should reflect the proto-
stellar one. It is the precise value of Teff which determines
whether the evolution correction has to be applied or not.
Fig. 7. Residual spectrum after division of HD 76932 with HD
106516 spectra
A remarkable prediction of inhomogeneous BBN is a
large Be/B ratio of the order of about ≈ 100. So far B
has been measured in only three stars (HD 19445, HD
140283 and HD 201891) with boron showing a linear be-
haviour with iron as Be does. The B/Be ratios have been
used to derive information on the origin of the two ele-
ments (Walker et al 1993, Olive et al 1994, Fields et al
1995). Most of the arguments rely on HD 140283, which
has the more reliable boron determination. The LTE [B]
=-12.16±0.14 by Duncan, Lambert and Lemke (1992) cou-
pled with the [Be]=-0.97±0.25 (Gilmore et al 1992) or the
[Be] -0.78±0.14, Boesgaard and King 1993) results in a
very low B/Be ratio, i.e lower than 6. The result is exac-
erbated if a post-main sequence correction of 0.3 dex to the
Be abundance should be applied to HD 140283 when the
cooler temperature is adopted, with B/Be ≈ 3. The up-
wards revision of the Be abundance may be balanced by a
the revision of B abundance by non LTE effects. Edvards-
son et al (1994) and Kiselman (1994) have repeated the
analysis of the B abundance taking into account non-LTE
effects, leading to an upwards revision of ≈ 0.5 dex, i.e.
0.34±0.2. Therefore, taking into account both revisions,
the B/Be ratio becomes ≈ 9, still leading to a marginal
conflict with the B/Be ratio of 10-20 predicted by GCR
production. However, for the Teff we have adopted here
(5814 K) no post main sequence dilution is expected and
with our value [Be]=-0.86 the B/Be ratio becomes 17, once
non-LTE effects for B are accounted for. This ratio is in
good agreement with the GCR predictions and does not
require additional sources either for boron or beryllium.
8.3. Be-depleted dwarfs
Be is destroyed in warm stellar interiors and its pres-
ence in stellar atmospheres has important bearings for the
study of the stellar outer layers (Bodenheimer 1966). Stan-
dard models predict negligible Be depletion in dwarfs with
Teff ≥ 4900 K, in which the base of the convection zones
is not hot enough to burn beryllium, and in subgiants
with Teff> 5700-5500 (Deliyannis et al 1990, Deliyannis
and Pinsonneault 1990).
In fact, observations by Garcia Lopez et al (1995) in
Pop I Hyades dwarfs show a plateau in the Be abundances
down to Teff ≈ 5200 K, with a decline afterwards. In these
stars Li is partially depleted implying that the mixing
mechanism operating below the convection zone must be
efficient enough in transporting material down to the Li
burning layer (T=2.5×106 K), but not to the Be burning
layer (T=3.5×106 K).
Extra mixing due to diffusion and rotation may am-
plify the elemental depletion if compared to the standard
model. Rotationally induced mixing leads to a Be deple-
tion strongly dependent on the Teff and on the degree of
initial angular momentum (Deliyannis and Pinsonneault
1990). We verified that accounting for such a depletion
does not destroy the linear Be-Fe relation, but this may
be due to the small number of hot halo stars available. It
will be interesting to repeat the test when more such stars
are available.
No detectable Be is found for HD 106516, HD 211998,
HD 3795. The corresponding upper limits are far below the
mean trend of the Be-Fe relation. HD 106516 is a dwarf
with temperature 5995 K and no depletion is predicted
by standard models for such a temperature. The upper
limit in the Be is about 1 dex below the average Be-Fe
relation. HD 106516 is a star with properties very simi-
lar to HD 76932. They have the same metallicity, gravity
and almost the same effective temperature. HD 106516
may actually be 300 K hotter than HD 76932 according
to the colour temperatures in column 2 of Table 2, but
also slightly more metal–rich, according to the metallic-
P. Molaro@1, P. Bonifacio@1, F. Castelli@2@,@1, L. Pasquini@3: New beryllium observations in low–metallicity stars 15
ities of Edvardsson et al (1993) (column 9 in Table
2). Whichever the case the only remarkable difference be-
tween their spectra is the lack of Be lines in HD 106516.
This can be appreciated from Fig. 7 where the spectrum
resulting from the division of the two stars is shown. In
the division of their spectra all the spectral features can-
cel out with the exception of the BeII lines of HD 76932,
which clearly show up in Fig. 7. Note that a 300 K increase
in the temperature of HD 106516 would result in an in-
crease of only 0.03 dex in the [Be] abundance. HD 106516
shows also no Li (Hobbs & Duncan 1987) and therefore
the two elements are consistently depleted. If we consider
the high temperature of this star, it is likely that rota-
tionally induced mixing or diffusion may be responsible
for the elemental depletion of both Li and Be.
HD 3795 has log g =3.6-3.9, and Be< -0.5, at a metal-
licity where the Be is typically> 0.5. Li has been measured
at less than 0.60 by Pasquini et al (1994), i.e more than
1.5 dex below the Spite plateau, and considering that Teff
is ≈ 5400 K , convection might have depleted Li accord-
ing to the standard theory. However, we do not expect
that Be has been depleted at this temperature. Therefore,
other mechanisms should be at work in depleting Be from
the atmosphere of this star.
HD 211998 has Teff = 5338 K, no Be and Li measured
with [Li]=1.1 (Maurice et al 1984), i.e. ≈ 1 dex below
the plateau value. According to Deliyannis and Pinson-
neault (1990), since Li burns at lower temperatures, any
significant destruction of Be would imply Li to have been
completely destroyed. Thus in this case both the absence
of Be and the behaviour of Be and Li are at odds with the
predictions of standard stellar evolution theory. However,
HD 211998 might be a post turn off star since logg=3.26±
0.12 from Axer et al (1994), and 3.5± 0.26 in the photo-
metrical derived gravity as reported in the fourth column
of Table 2. The presence of Li would be consistent with HD
211998 being an evolved star, since many subgiants show
lithium at this level (Pilachowski et al 1993; Pasquini and
Molaro 1996). Be dilution is also expected to be about 0.8
dex and therefore it will be very interesting to see whether
the real Be abundance is very much below the present up-
per limit.
The cool (Teff ≈ 5000 K) halo dwarf Groombridge 1830
(HD 103095) has a Be abundance by at least a factor 2-3
below the mean trend and Li has been detected in this star
with Li=0.27±0.06 (Boesgaard and King 1993; Deliyannis
et al 1994). Various possibilities such as an intrinsically
low beryllium abundance, mass loss or slow mixing have
been discussed by Deliyannis et al (1994).
The three new stars given here together with Groom-
bridge 1830 are the first cool Be-poor stars, and mea-
surements of light elements, including boron, are poten-
tially very important because they can help to discrimi-
nate among the various mechanisms for light element de-
pletion proposed for cool stars so far.
9. The Li/Be ratio
The comparison between observed abundances and their
theoretical ratios is a good test of models of elemental nu-
cleosynthesis. Since Be has probably a univocal source in
the GCR, observations of Be help to constrain the degree
to which 7Li, 6Li 11B and 10B may have been produced
in cosmic ray collisions rather than in stellar sources, neu-
trino nucleosynthesis, α -α reactions, and in the Big Bang.
The amount of Li produced by spallation of high energy
cosmic rays can be inferred from the observed Be by tak-
ing the theoretical (6Li+7Li)/9Be derived by Steigman
and Walker (1992). The presence of 6Li has to be con-
sidered because, observationally, it cannot be split from
7Li. However, 6Li is rather fragile and is not expected to
survive in halo stars cooler than ≈ 6300 K (Brown and
Schramm 1988). Since 6Li has been detected in HD 84937,
which has Teff ≈ 6200 K (Smith et al 1993), we take the
(6Li+7Li)/9Be =13.1 only for stars hotter than 6200 K
and 7Li/9Be=7.6 for the cooler stars, which should have
had their original 6Li depleted and therefore not contribut-
ing to the Li EW at 670.7 nm. These ratios hold strictly for
a relative chemical composition of the solar type and for
the present day spectral distribution of the cosmic rays.
However, changing the chemical composition to account
for the enhancement of O relative to C and N in the past
would not significantly affect the results shown here.
The Li abundance for the stars for which Be has been
measured are given in Table 7. The amount of LiGCR is
negligible for low metallicity, where the primordial fraction
and α-α fusion reactions are the overwhelming sources
for 7Li. LiGCR is about 1% at [Fe/H]≈=-2.5 and 10%
at [Fe/H]=-2.0. For [Fe/H]>-1.0 it becomes progressively
more important and comparable to that of other sources.
It might be possible that the GCR contribution to present
day Li is in fact greater than what is generally assumed
(i.e. ≈ 10%). The relative contributions are related to the
detailed synthesis of the two elements during the evolution
of the Galactic disk, and the global uncertainty of these
predictions leave enough room for such a possibility.
It is remakable that at [Fe/H]> -1.0 in several cases
LiGCR exceeds the Li which is actually observed. The most
probable explanation is that in these stars Li has been
largely depleted. Li burns at lower temperatures than Be
and therefore these are probably the stars in which Li has
been depleted, but not Be. The sun itself should be one
of these cases, with 2.3 ≤ [Li]GCR ≤ 2.52, which is much
greater than the measured value, i.e. [Li]= 1.16. Thus, Be
determinations offer a powerful way to pick up stars where
strong Li depletions occurred. In fact there are four stars
that have temperatures between 4900 K and 5500 K. For
stars within this temperature range standard models pre-
dict Li depletion by stellar convection, but not for Be, and
this shows the reliability of this approach to get informa-
tion on Li depletion. These stars are shown in Fig. 8 as
crossed squares. Of course the method fails at lower metal-
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Table 7. Be abundances for halo stars: 1) this paper, 2) Garcia-Lopez et al (1995) 3) Boesgaard & King (1993) 4)
Boesgaard & King revised 5) Ryan et al (1991), (1992) 6) Gilmore et al (1992), Rebolo et al (1988). Li abundances
are from Boesgaard & King (1993), Molaro (1991), or from the literature as specified in the text
licities where most of the Li is supplied by other sources,
or when Be may be also depleted. It is reliable only to dis-
criminate stars with large Li depletions, and these place
therefore a lower limit to the number of real cases.
It is interesting to note that these objects where LiGCR
> Liobs occupy a well specified region in the [Li]-[Fe/H] di-
agramme. They are shown as crossed circles in Fig. 8 and
these are the points which contribute to the dispersion
in the Li data at metallicities [Fe/H]>-1.0. The remain-
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ing stars are those which are not depleted at all or only
moderately, and are preferentially located on the upper
envelope of the Li-Fe diagramme. This implies that the
dispersion observed in the Li abundances is due to stellar
depletion rather than to intrinsically different protostellar
Li abundances. It also strongly suggests that the envelope
of the data points in Fig. 8 is actually tracing the increase
of Li during the Galactic life from the primordial plateau
value up to the present values, with strong implications on
the primordial origin of Li. Depletion mechanisms of Li,
such as those of rotational mixing or diffusion, which are
currently invoked to deplete an original high primordial
Li, should have been highly tuned not only to reproduce a
flat plateau for [Fe/H]<-1.0, but also to make a differen-
tial depletion at higher metallicities which may reproduce
a monotonic increase of Li from the halo value to solar
metallicities.
Fig. 8. [Li] versus [Fe/H]. Octagons show stars which are likely
Li depleted, and squares point dwarfs with 5600 > Teff > 5000
K for which Li is expected depleted but not Be
10. Conclusions
Observations at high resolution of 14 metal poor stars
are analyzed for deriving the Be abundance through the
313.1 nm BeII resonance lines. The analysis has led to the
following main conclusions:
a) the Be abundance is subject to a small dependence of
the order of ≈ 0.1 dex, from the atmospheric model
used due to the particular treatment of overshooting
and/or of the α–elements enhancement in the chemical
composition of the atmosphere;
b) the stellar parameters remain rather uncertain and in
particular the surface gravity which is responsible for
the main component of the error associated with the
Be abundance;
c) after retaining the best Be determinations in the lit-
erature and after homogenization to the same set of
atmospheric models, Be shows a tight correlation with
Fe with a slope of 1, although a steeper correlation
cannot be ruled out at lower metallicities;
d) after replacing Fe with O, by using the parametrization
which comes from the general study of the metal poor
stars, Be shows a strong correlation with oxygen which
holds up to solar values, without showing evidence of
any break at the formation of the Galactic disk;
e) no evidence of any primordial Be plateau is found at
least down to [Fe/H]=-3.0
f) few stars are significantly Be deficient, and if they are
confirmed to be truly dwarfs, the absence of Be needs
to be explained;
g) it is shown in which way combined Li and Be obser-
vations can be used to pick up stars which suffered
strongly Li depletion. These stars occupy a specific re-
gion in the Li versus [Fe/H] diagramme, supporting the
interpretation of the diagramme in terms of a galac-
tic enrichment of Li from a low Li primordial value of
[Li]≈ 2.2;
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